In order to investigate molecular recognition on surfaces, an azide-functionalized monolayer was deposited on gold. The monolayer was characterized by X-ray photoelectron spectroscopy (XPS) and angle-resolved near-edge X-ray absorption fine structure (NEXAFS) experiments and the decomposition of the azide upon irradiation with X-ray beams was investigated. Subsequently, various alkynefunctionalized host and guest molecules were attached to the azide by 1,3-dipolar cycloaddition. These modified surfaces and their host-guest chemistry were analysed by XPS and angle-resolved NEXAFS.
Introduction
The controlled modication of interfaces with various functional groups is a main topic in modern physical, materials and bioorganic chemistry. [1] [2] [3] [4] [5] [6] [7] [8] [9] Therefore, a variety of approaches has been developed. The covalent attachment of organic compounds on surfaces yields highly stable interfaces. 10 Among others, the silanization of silica substrates 11, 12 and the chemisorption of organic thiols 13 or liponic acids 14 on gold substrates is a far more convenient approach. Numerous examples exist, using the formation of stable self-assembled monolayers (SAMs) on solid supports with different terminal groups such as hydroxides, 15 carboxylates, 16 pyridines, 17 terpyridines, [18] [19] [20] [21] [22] and amines. [23] [24] [25] [26] [27] [28] These terminal groups enable the attachment of additional layers on top using for example the formation of thiourea 24 or non-covalent complex formation with transition metal ions. 17, 19, 29, 30 Further terminal groups which have lately gained attention in this context are 1,3-dipoles such as nitrile oxides and azides which react with alkynes in what has been coined the "click" reaction. [31] [32] [33] [34] Another approach is the noncovalent physisorption of Langmuir-Blodgett lms e.g. the noncovalent attachment of saturated and non-saturated carboxylates. 35, 36 While covalently attached SAMs are somewhat limited by reduced reversibility of and long reaction times for self-assembly, Langmuir-Blodgett lms require amphiphilic molecules and are oen less stable against polar solvents and/or reactive species. 37 The transfer of supramolecular structures and processes from solution to solid supports is still a challenging task in modern physical and biochemistry. [38] [39] [40] Our approach presented here combines covalent generation of SAMs that can further be functionalized by host or guest molecules which allows the specic non-covalent attachment of another layer through molecular recognition. An azide-functionalized SAM is used here to gra these molecules onto the surface by a copper-catalysed 1,3-dipolar cycloaddition of azides and alkynes forming triazole rings. 41 The simple experimental setup, mild reaction conditions and fast conversion of the "click" reaction in solution remain more or less unchanged features of surface-bound triazole formation as shown earlier for the immobilization of terpyridines, 31 polymers, 42 ferrocene, 34 nanoparticle multilayers, 43 and metal organic frameworks. 44 An advantage of the modication of surfaces via "click" reactions is the orthogonality of the azide and alkyne with most other functional groups. This broadens the variety of molecules signicantly, which can be attached. Triazole formation also oen gives rise to densely packed consecutive layers. 32 Here, we report the formation of an azide-terminated monolayer which is subsequently functionalized with benzo [21] crown-7 ether CE1 and tetralactam macrocycle TLM1 (ref. 45 ) as specic host molecules and with primary ammonium AM1 and diketopiperazine DP1 as the corresponding guest molecules (Scheme 1). For each surface-attached molecule, a counterpart (CE2, TLM2, AM2 and DP2) exists which does not carry the alkyne and can be used for on-surface host-guest experiments. These molecules were selected as both binding motifs were thoroughly studied in solution. The tetralactam macrocycle nicely binds diketopiperazines in its cavity through four hydrogen bonds between the guest's carbonyl groups and the converging amide NH groups of the macrocycle. 46, 47 Benzo [21] crown-7 is just large enough to allow pseudorotaxane formation with secondary alkyl ammonium axles. 48 Hexyne HEX was used as a reference to investigate triazole formation during the "click" reaction. In former studies, we have demonstrated the utility of copper(I)-catalysed 1,3-dipolar cycloadditions on azideterminated SAMs assembled from 1,2-bis(11-azidoundecyl)disulfane (AUD) for the covalent attachment of functionalized alkynes. Since AUD is analogous to alkanethiol SAMs, it should form densely packed and well-ordered SAMs on gold substrates. 31, 32 Results and discussion
Analysis of azide-decomposition upon irradiation
In the rst step, an AUD SAM was prepared which forms the basis for further functionalization with alkyne-substituted organic molecules as shown in Scheme 2. The AUD SAM was characterized by quite surface-sensitive synchrotron radiation X-ray photoelectron spectroscopy (SR-XPS; 500 eV excitation energy, XPS 95% information depth z 95% $ 2.1 nm) and NEXAFS spectroscopy as described earlier. Angle-resolved NEXAFS experiments provide evidence for a predominant upright orientation of the AUD molecules. 31, 32 A major characterization problem of surface-bound azides by XPS is the decomposition of the azides upon X-ray radiation. This irradiation damage yields a new nitrogen component at lower binding energy (BE) in the N 1s XP spectrum of a pristine azide-terminated SAM. Non-damaged SAM molecules should provide three components of equal peak areas diagnostic for azide moieties as displayed in Fig. 1a . Two major components at lower BE (400.9 and 400.3 eV) and a single component at higher BE (404.2 eV) can be assigned to electron-rich and electron-poor azide nitrogen atoms. 31, 37 During the decomposition process, a new signal appears at a lower BE of 399.0 eV (Fig. 1a ). In order to gain more detailed insight into this process and in order to be able to clearly assign all nitrogen species which may arise aer the "click" reaction, 35 N 1s spectra were recorded in 4 min intervals at the same spot to follow the time course of the decomposition reaction resulting in a total irradiation time of 142 minutes. In Fig. 1b , the normalized N 1s peak areas of the overall (black line), the azide (green line) and the decomposition products (blue line) are plotted. As expected, the decomposition process is accompanied by an exponential decay of the azide nitrogens. The overall amount of nitrogen does not remain constant, but decreases to about a third of the starting nitrogen peak area at the end of the irradiation time with a halflife of 34 min. Molecular nitrogen is thus released during the decomposition reaction. Nitrogen release follows a rst-order rate law (k ¼ 3 Â 10 À4 s À1 ) as determined by plotting the natural logarithm of the azide nitrogen mole fraction over the irradiation time resulting in a linear t ( Fig. 1c) .
Mechanistically, the decomposition can follow different pathways (Scheme 3). The initially formed highly reactive nitrene intermediate can either react by insertion into a C-H bond of a neighbouring AUD molecule. This reaction would give rise to secondary amines, which is however inconsistent with the binding energy of the new nitrogen species. 29 Consequently, this reaction does not play a prominent role. The second pathway would be dimerization of two nitrenes to yield an azocompound, which might react through nitrogen loss forming two alkyl radicals. However, no XPS peak for azo-groups is observed and therefore, we also rule out this pathway as the major decomposition route. 28 A third typical reaction of electron sextet compounds such as nitrenes is a 1,2-hydrogen shi from the adjacent carbon to the atom with the electron sextet, here the nitrene nitrogen atom. This hydrogen shi leads to an imine. The binding energy of 399.0 eV for the new component is consistent with the formation of an imine. Also, the p* resonance at 398.3 eV observed in the N K-edge NEXAFS spectroscopy suggests imine formation. 28 The 1,2-hydrogen shi pathway is consequently the major reaction following nitrogen loss and nitrene formation. However, it is not possible to determine whether N 2 loss and the 1,2-hydrogen shi are subsequent steps or occur in a concerted manner due to the rather long intervals between the spectra.
As a second conclusion, these data reveal azide decomposition to occur rather slowly so that it does not signicantly hamper the analysis of azide-functionalized surfaces. This is also important for the following experiments, in which alkynes are clicked to the azides, as for example a sterically demanding molecule such as tetralactam macrocycle TLM1 will like leave azides "unclicked" underneath the macrocycle layer.
Cycloaddition experiments N 1s XP and N K-edge NEXAFS spectra. On-surface "click" reactions were performed using alkyne-substituted TLM1, CE1, DP1 and AM1. In order to clearly assign all observed XPS peaks, the unfunctionalized alkyne HEX was included in this series. HEX does not only contain no additional nitrogen components, but has also a small steric demand. Therefore, HEX is well suited as a reference.
For all ve surfaces, the Au-S interface is stable under the experimental conditions of the "click" reaction as indicated by the main S 2p 3/2 species that is detected at $162.0 eV (ESI †). 32 Fig. 2 (le) summarises the N 1s XP spectra of these ve surfaces in comparison to that of the pristine AUD SAM. In order to reduce irradiation damage, irradiation times were kept below three minutes. Clearly, the azide signals of the latter vanish completely, when HEX is added. Instead, three nitrogen signals for the triazole (BE ¼ 399.6, 400.3, and 401.6 eV) with equal peak areas and equal FWHM values can be tted into the broad N 1s signal. A more or less quantitative "click" reaction was achieved as indicated by the absence of the azide signal at 404.8 eV. A very similar result is obtained for the surface covered with crown ether CE1, which does not bear any additional nitrogen atoms.
The picture changes for AM1, which was "clicked" to the AUD SAM as the free amine followed by treatment with HPF 6 . This molecule contains an additional ammonium nitrogen atom. Consequently, the triazole signals are superimposed by an additional peak at a BE of 400.3 eV. This binding energy is surprisingly the same as that of free amines as observed for the same surface before protonation, while no new signal for ammonium is observed at the expected BE of 401.8 eV. Thus, only a small protonation yield is obtained. We refrained from using H 2 SO 4 for protonation as reported earlier for surface- Fig. 1 In situ damage of the AUD SAM caused by monochromatic Al Ka radiation (X-ray excitation energy 1486 eV) with (a) peak fits of the N 1s XP spectra, (b) quantitative analysis of the individual peak fits. Red arrows indicate the data points corresponding to the spectra in (a). (c) Logarithmic plot of normalised azide peak areas over time. All peak areas are normalized to the total peak area of the first spectrum after 6 min irradiation time. bound pyridines, 17 as strong ion pairing between the doubly charged sulphate and ammonium ions will likely compete too strongly with crown ether binding in the host-guest studies.
The surface bearing DP1 also exhibits a new signal in addition to the triazole nitrogen atoms which corresponds to the two amide nitrogen atoms of the diketopiperazine and is detected at a binding energy of 400.8 eV. 40 Finally, tetralactam macrocycle TLM1 exhibits the triazole signals superimposed by a large peak at BE ¼ 400.3 eV for the four amide nitrogen atoms. 28 The azide signal at BE ¼ 404.8 eV is also clearly visible. This indicates the steric bulk of TLM1 to leave unreacted azides underneath the macrocycle layer. Not unexpectedly, the triazole nitrogen atoms exhibit small peak shi changes depending on the exact chemical environment provided by the different molecules attached.
These XPS data are supported by N K-edge NEXAFS experiments (Fig. 2, right) . Clearly, azide signals (green dotted lines) appear for the pristine AUD SAM and for the TLM1-functionalized surface. The N K-edge spectrum of the AUD SAM exhibits four pronounced signals in the p* region at 399.6, 400.9, 402.5 and 403.9 eV (Fig. 2, bottom right) . Electron transitions from the N 1s energy level of the central azide nitrogen into two different p* orbitals are the reason for the resonances at higher photon energy (PEs). The other two signals at lower PEs can be assigned to the two adjacent nitrogen atoms of the azide moiety. 31 Spectral contributions attributed to the triazole group (red lines) are visible for all surfaces except the AUD SAM. The assignment of the signals at 399.6 eV, 400.3 eV and 401.5 eV is in good agreement with DFT calculations reported earlier. 31 The additional amine and amide nitrogen atoms of AM1, DP1 and TLM1 lead to the observed changes in the structure of the triazole peaks (e.g. PE ¼ 401.6 eV for the tertiary amide p* resonances in DP1 (ref. 49) or PE ¼ 400.4 eV for the secondary amides in TLM1 (ref. 29) ). The presence of remaining azide groups underneath the TLM1 layer are also supported by NEX-AFS spectra ( Fig. 3) : when the surface is irradiated for longer intervals, it clearly reveals the same radiation-induced azide decomposition as the pristine AUD SAM, while similar changes do not occur for the HEX-functionalised surface.
These experiments provide clear evidence for the successful attachment of the alkyne-substituted molecules under study here in copper-catalysed click reactions. The surface coverage is likely high as indicated by the fact that only the largest molecule, TLM1, leaves visible signals for unreacted azide group.
C 1s XP spectra. More detailed insight into triazole formation with different alkynes can be obtained by analysing the C 1s BE region of the XP spectra (Fig. 4 ). The major carbon component for the aliphatic carbon atoms in HEX and DP1 is observed at BE ¼ 284.8 eV. DP1 additionally exhibits a major component at 286.6 eV which can be assigned to the C-N carbon atoms. 49 Similarly, the crown ether CH 2 groups that are anked by oxygen atoms appear at BE ¼ 286.7 eV (C-O). All carbon atoms can be classied into those adjacent to electron-withdrawing heteroatoms (C-N, C-O; BE $ 286 eV), amide carbons (BE 288-289 eV) and all remaining aliphatic and aromatic carbon atoms (BE $ 285 eV). The relative peak areas and theoretical ratios calculated for the different components are summarized in Table 1 and are in good agreement with each otherclearly supporting a successful "click" reaction with all compounds under study. Blue curves correspond to amine (AM1) and amide nitrogen atoms (DP1, TLM1). To facilitate direct comparison, the backgrounds of the spectra were subtracted followed by normalization to the maximum count rate. Right: p* region of the N K-edge NEXAFS spectra at 55 incident synchrotron light. For qualitative comparison, the spectra were normalized to their maximum count rates. The different photon energies for azide (green), triazole (red), amine and amide nitrogens (blue) are indicated by dotted lines. Angle-resolved C K-edge NEXAFS spectra. Angle-resolved NEXAFS spectra ( Fig. 5 ) can be used to determine, whether the molecules on the surface exhibit a preferential orientation. In this case, linear dichroism effects are observed, while the NEXAFS spectra obtained for unordered surfaces do not depend on the angle of the incident light.
In the angle-resolved NEXAFS spectra of the pristine AUD SAM, clear linear dichroism effects are observed. The C-H* resonance decreases signicantly when the angle of the incident linear polarized synchrotron light is changed from 90 to 30 . In contrast, the s* resonance increases. This is typical for well-ordered SAMs of long alkyl chains that are oriented in an upright fashion on the surface. 13, 50 The same effect is observed for HEX-modied AUD SAMs. Therefore, we conclude the HEX SAM to be highly ordered as well as the AUD precursor SAM.
Linear dichroism effects are also observed for the CE1functionalized surface. In addition to the effect of the underlying AUD SAM, one observes a linear dichroism effect for the peak corresponding to the s* resonance of the CH 2 -O groups, which appears at 289.3 eV. 51, 52 This effect points to crown ethers with a preferential orientation and thus ordered crown ether layers even though it remains unclear, what their exact packing pattern on the surface is. Furthermore, the DP1-covered surface exhibits preferentially oriented diketopiperazines as indicated by the linear dichroism in the p*(C]O) resonance at 288.4 eV. 51 In marked contrast, the linear dichroism effects are small for the surfaces loaded with AM1 and TLM1. It is therefore likely that AM1 is not well ordered. The quite complex TLM1 structure with its many aromatic rings that are oriented in different angles relative to the surface, one would expect only a small linear dichroism effect. It is not possible to clearly state whether Fig. 4 Peak fits of C 1s SR XP spectra (hn ¼ 350 eV, emission angle ¼ 0 ) obtained at high surface sensitivity of XPS, 95% information depth (z 95% $ 2 nm). 36 the small effects observed have their origin in isotropically distributed macrocycles on the surface or in an ordered layer of macrocycles with aromatic rings mutually compensating each other's linear dichroism effects. As a conclusion, these angle-resolved NEXAFS experiments provide evidence for preferentially ordered molecules in layers of AUD, HEX, CE1 and DP1, while "clicking" AM1 to the surface leads to a more or less isotropic arrangement. The situation aer reaction with TLM1 is too complex to be described.
On-surface host-guest experiments N 1s XPS and N K-edge NEXAFS analysis of the host-guest complexes on the surface. Four different host-guest experiments can be performed with the molecules and surfaces under study: surface-bound CE1 can be tested for complexation of the secondary ammonium axle AM2. The opposite combination with AM1 on the surface and CE2 as the binding partner in solution is also possible. Similarly, the two pairs of surfacedeposited TLM1 and DP2 and DP1 and TLM2 are available. In order to gain evidence for host-guest interactions, the surfaces were immersed for 60 minutes in a 1 mM solution of the corresponding component in dichloromethane followed by rinsing with dichloromethane and drying. The surfaces were characterised by XPS and NEXAFS experiments as described above (Fig. 6 ).
Beside the triazole nitrogen peaks, the CE1-AM2 pair clearly shows additional features at 401.7 eV BE in the N 1s XP spectrum and at 405.8 eV PE in the N K-edge NEXAFS spectrum. These signals can be assigned to the secondary ammonium group of the axle 28 and thus provide evidence for its presence even aer thoroughly rinsing the surface. We therefore conclude the axle to be bound to surface by threading into the cavity of the crown ether. The opposite pair, AM1 and CE2, exhibits an N 1s XP spectrum, which does not differ much from that of the AM1-covered surface before crown deposition. This is not surprising because no further nitrogen is introduced and the protonation degree is low according to the results discussed above. This becomes also clear, when one compares the binding energies of the nitrogen incorporated in AM1 (BE ¼ 400.3 eV for an amine nitrogen) with that of AM2 (BE ¼ 401.7 eV for the ammonium nitrogen) in the experiment above.
Deposition of the tetralactam macrocycle in the DP1-TLM2 host-guest combination can already be clearly observed in the N 1s XP spectra. The intensity of the peak at BE ¼ 400.8 eV representing the amides in DP1 as well as TLM2 is signicantly higher compared to the triazole peaks of the DP1-covered surface before TLM1 deposition (Fig. 2) . For the opposite combination of TLM1 and DP2, the situation is not as clear, and C 1s XP spectra will provide more detailed insight.
C 1s XPS analysis. The C 1s XPS data are in good agreement with the analysis of the N 1s and N K-edge spectra in Fig. 6 . The Fig. 6 Left: qualitative N 1s XP spectra of the four host-guest pairs (hn ¼ 500 eV and 0 emission angle). Black dotted lines: experimental spectra; red curves: triazoles, blue curves: amide groups (DP1, TLM1), green curves display ammonium (CE1) or amine nitrogen atoms (AM1). To facilitate comparison, the backgrounds of the spectra were subtracted followed by normalization to the maximum count rate. Right: p* region of the N K-edge NEXAFS spectra taken at 55 incident synchrotron light. For qualitative comparison the spectra were normalized to their maximum count rates. The different photon energies for triazole resonances (red), amides (blue), and ammonium nitrogen atoms (green) are marked by dotted lines. presence of AM2 and DP2 (bottom and top spectra in Fig. 7) is clearly evidenced by the signal for the CF 3 carbon atom, which appears signicantly shied in comparison to all other carbon signals at BE ¼ 292.5 eV. 53 Also, the signal ratios agree with complex formation. For example, the signals for aromatic carbon (C(sp 2 )) and CH 2 -N grow relative to the crown ether's CH 2 -O signal for the CE1-AM2 host-guest pair. Again, the AM1-CE2 pair is the exception. The corresponding C 1s XP spectrum remains almost unchanged relative to that of AM1 before crown ether deposition (Fig. 4) . Consequently, we can conclude all host-guest complexes are formed with the exception of the AM1-CE2 pair, which suffers from the protonation difficulties discussed before.
Angle-resolved C K-edge NEXAFS Experiments. Again, angleresolved C K-edge NEXAFS experiments have been performed with the three successful host-guest pairs in order to establish whether the layers are ordered aer complex formation (Fig. 8) .
The CE1-AM2 pair clearly exhibits linear dichroism effects on the s*(CH 2 O) resonance of the crown ether methylene groups. Consequently, the crown ethers still have a preferred orientation. In addition, a new linear dichroism effect is observed for the p* resonance of the aromatic rings. As this was not present in the corresponding spectra of surface-attached CE1 prior to AM2 deposition (Fig. 5) , we attribute this effect to the aromatic ring incorporated in the ammonium axle. Consequently, CE1 on the surface does not only retain its orientational preference, but also induces a preferred orientation into the deposited guest molecule AM2.
The other two pairs, DP1-TLM2 and TLM1-DP2, do not exhibit any signicant angle-dependence. These two host-guest pairs thus either remain unordered (TLM1-DP2) or even lose their orientational preference upon complex formation (DP1-TLM2). In particular the latter host-guest pair shows that DP1 is capable of adapting its position to the steric requirements of its complex with TLM2 because the dichroism effect of the C]O band at 288.4 eV vanishes upon addition of TLM2.
Reversibility of the on-surface molecular recognition events
In order to provide a proof of principle that the host-guest complexation is reversible, the DP1-TLM2 pair was chosen. First of all, the hydrogen bonding between these two molecules is strongly affected in solution by competitive solvents. Second, it is not associated with a similarly high dissociation barrier as the benzo [21] crown-7/secondary ammonium ion motif.
Consequently, a sample surface covered with DP1 and subsequently treated with TLM2 for complex formation was rinsed vigorously with dimethylformamide which is a quite strong hydrogen-bond competitor. The XP N 1s and C 1s spectra of the surface aer this treatment are displayed in Fig. 9 . Both, the N 1s and the C 1s spectra are almost identical to those of the untreated DP1-functionalized surface ( Fig. 2 and 4) . The characteristic features for DP1 "clicked" to the surface can be observed and furthermore, the relative intensities are similar to those of the pristine DP1. Consequently, the host-guest complex can be dissociated with competitive solvents providing evidence for its reversible formation.
Conclusions
In this contribution, click chemistry was utilized to attach host and guest molecules to Au surfaces covered with a self-assembled monolayer with azide head groups. Prior to the cycloaddition reactions, the X-ray irradiation-induced decomposition of the azide groups was investigated in detail by N 1s XPS in order to ensure that XP and NEXAFS analysis delivers valid data for the characterization of the "clicked" surfaces. X-ray damage experiments clearly suggest that molecular nitrogen is lost from the azide to the nitrene intermediate followed by a 1,2-hydrogen shi to the resulting imine. Covalent anchoring of four host or guest molecules to the above mentioned azide monolayer was obtained by coppercatalysed 1,3-dipolar cycloaddition. The resulting samples were investigated via XPS and NEXAFS which conrmed the cycloadditions to be successful for all functional molecules. Surfaceattached crown ether CE1 and diketopiperazine DP1 exhibit a preferred orientation within the monolayer.
Finally, the attached moleculesexcept for the primary amineare found to be able to build host-guest complexes with their corresponding counterpart on the surface as again shown by XPS and NEXAFS experiments. The reversibility of complex formation was shown for the DP1-TLM2 complex.
